Background
Objective
To examine the association between prenatal exposure to β2AAs and the risk of childhood cerebral palsy.
Methods
This population-based cohort study included all live singleton births in Denmark from January 1, 1997 to December 31, 2003. The information on outpatient prescriptions of β2AAs was extracted from Danish National Prescription Registry. Children born to mothers who used β2AAs from 30 days before pregnancy until delivery were categorized as the exposed. To differentiate the effect of β2AAs from the underlying indications, the exposure window was further extended to 2 years before pregnancy and the exposed groups were re-defined to represent different periods of exposure to maternal use of β2AAs (use only before pregnancy, use only during pregnancy, and use both before and during pregnancy). Cases of CP were identified from the Danish Cerebral Palsy Register. Logistic regression was used to estimate incidence odds ratio (OR) of CP. 
Introduction
Cerebral palsy (CP) represents a range of non-progressive syndromes of posture and motor impairment that result from an insult to the developing central nervous system (CNS). It is the most common physical developmental disability in childhood with a prevalence of 2 to 3 per 1000 live births, causing limitation of activity to varied degrees as well as disturbance of sensation, cognition, communication, perception, and behavior [1] [2] [3] [4] [5] .CP imposes severe demands on health, educational and social services, as well as on the families and children themselves [1, 6] . The etiology of the majority of CP cases remains unexplained [7] . In addition to adverse birth outcomes (preterm birth, low birth weight, and low 5-minute Apgar score) [8, 9] , several prenatal factors, such as prenatal stress [10] , maternal infection and smoking [11] , and prenatal exposure to perfluoroalkyl substances (PFASs) [12] , have been shown to be associated with CP. This suggests that maternal in-utero environment may be important for the development of CP in the offspring. As pregnant women are most often excluded from clinical trials [13] , there is very limited information about the effects of drugs prescribed during pregnancy on the risk of offspring's CP [14] .
ß2-adrenergic receptor agonists (β2AAs) are widely used for the treatment of asthma that affects up to 8% of pregnancies [15] . Women having asthma are recommended to continue their medication during pregnancy with a few exceptions since uncontrolled asthma may lead to a number of adverse birth outcomes [16] . ß2AAs have also been off-label used for management of preterm labor as tocolytics. ß-2-adrenergic receptors are highly expressed during fetal development and the receptors are readily capable of modulating intracellular cAMP production [17] . β2AAs can cross placenta and blood-brain barrier and stimulate ß2-adrenergic receptors in all tissues of the fetus [18, 19] . Thus, exposure during pregnancy may increase fetal ß2-adrenergic receptors signaling or overstimulate the fetal ß2-adrenergic receptor and may act as functional and behavioral teratogens and permanently alter the balance of sympathetic and parasympathetic tone, resulting in neurodevelopmental disorders. [20, 21] Long term use of terbutaline for prevention of preterm birth during the second or third trimester has been associated with an increased risk of Autism Spectrum Disorders (ASD) [22, 23] . A previous Danish case-control study similarly suggested that any β2AA exposure during pregnancy or preconception may be associated with an increased risk of ASD [24] . However, human studies on neurodevelopmental effects of β2AAs are scant and with small sample sizes. Furthermore, no study has evaluated the effect of prenatal exposure to β2AAs on the risk of CP. ß-2-adrenergic receptors can influence regulation of vascular tone, which would alter blood flow to and within the brain and placenta. This can change the responsiveness of the vasculature to infection, pro-coagulant state, hypoxia, or hyperoxia [25, 26] . Therefore, we hypothesized that maternal β2AAs use during pregnancy would be associated with the risk of CP in offspring. In this large population-based study, we aimed to examine the association between maternal β2AAs use and the risk of CP in the offspring. As animal studies have suggested that prenatal β2AAs exposure caused sex-related effects on macromolecules and DNA synthesis in the immature brain [27], we also speculated there might exist a sex-specific effect of β2AAs in humans.
Materials and methods

Study population and design
This cohort study was based on data from several Danish national registers. Linkage between the registers was achieved via the unique personal registration number (CPR number), which is assigned to all citizens in Denmark and used in all nationwide registries [28] . The CPR number enabled accurate linkage of all registries at the individual level [28] . We identified all live singletons born in Denmark between January 1, 1997 and December 31, 2003 from the Danish Medical Birth Register (DMBR), which has included all births in Denmark since 1973 [29] . A total of 442,690 births were recorded during the study period. We excluded 15 infants with missing information on maternal parity and 397 infants whose gestational age at birth was 23 weeks or !45 weeks. A total of 442,278 singletons were eligible for the study. All the children were followed from birth until first diagnosis of CP, death, emigration, or the end of 2003, whichever came first.
Maternal use of β2AAs
We obtained the information on outpatient prescriptions of β2AAs and dispensing date from Danish National Prescription Registry (DNPR), which covers individual-level information on all prescriptions dispensed at Danish outpatient pharmacies since 1995, except hospital dispensaries in Denmark [30] .We extracted prescriptions for β2AAs using the Anatomical Therapeutic Chemical (ATC) code of R03AC or R03CC. Exposure during a given period was defined as the dispensing date fell within the specified period or the number of days for which the β2AAs was supplied overlapped with the given period. We defined exposed children as those born to mothers who redeemed a prescription for β2AAs from 30 days before pregnancy until delivery (use during pregnancy), while unexposed children were those born to mother who did not redeem any prescription of β2AAs during the same period (no use during pregnancy). For further analyses, we also extended the exposure window and obtained data on redemption of a β2AA prescription 2 years before pregnancy until delivery (detailed in Statistical Analyses). We estimated the cumulative dose of β2AAs by first multiplying number of packages redeemed for each prescription and number of defined daily doses in each package, and then summing all prescriptions within the exposure window. We categorized the cumulative dose into high and low levels based on the 75 th percentile. In addition, we specifically examined two main subgroups of β2AAs: salbutamol, and terbutaline.
Outcome
Information on CP diagnosis was identified from the Danish Cerebral Palsy Register [6] . The register contains all individuals who survived to at least 1 year of age with a diagnosis of CP validated by a neuro-pediatrician in Denmark since 1995 [8, 31] . The definition of CP used in the register was from Surveillance of Cerebral Palsy in Europe [1] , as a group of permanent movement and/or posture disorders caused by nonprogressive interference/lesion/abnormality in the developing/immature brain.
Covariates
Information on year of birth, gender, birth weight, gestational age, 5-minute Apgar score, parental age at delivery, maternal parity, and maternal smoking during pregnancy were retrieved from DMBR 
Statistical analyses
All analyses were performed using SAS version 9.1 (SAS Institute Inc,Cary, North Carolina, USA). Logistic regression model was used to estimate odds ratios (ORs) and corresponding 95% confidence intervals (CIs) of CP in offspring in relation to maternal use of β2AAs during pregnancy.
We performed two statistical models to estimate adjusted ORs. In model 1, we adjusted for potential confounders that were previously described as risk factors of CP or factors associated with β2AAs use, including child's gender (male, female), year of birth (1997-1998, 1999-2000, 2001-2002, 2003) , parity (1, 2, 3), maternal age at delivery ( 25, 26-30, >30 years), paternal age ( 25, 26-30,>30 years, unknown), maternal education ( 9, 10-14, !15 years), maternal cohabitation status (single, cohabitation, unknown), maternal smoking status (yes, no), and maternal history of CP (yes, no). In addition, other potential confounders, such as maternal country of origin, maternal employment status, and paternal history of CP, were evaluated but not included in model 1 because they changed effect estimates of interest by less than 1%. In model 2, we additionally adjusted for maternal asthma hospital-diagnosed before delivery to control for potential confounding by severity of the main indication. We did not adjust for 5-minute Apgar score and birth weight, as they might be on the causal pathway between maternal β2AAs use during pregnancy and CP in offspring, or share the same risk factors with CP.
Animal studies suggested that prenatal β2AAs exposure caused sex-related effects on macromolecules and DNA synthesis in immature brain [27] , therefore, we stratified analyses by gender to examine whether children's gender modified the association between maternal β2AAs use and CP. In addition, our exposure data were restricted to only outpatient prescriptions. Thus we did not have information on in-hospital use of β2AAs as a tocolytic agent, which means that children exposed to maternal β2AAs use for preterm pregnancies were actually misclassified as unexposed. Therefore, we further restricted analyses to children born at term, too.
To differentiate the effect of β2AAs from the underlying indications, we further extended the exposure window to the time period from 2 years before pregnancy to delivery and redefined exposed groups as children born to mothers who redeemed β2AAs medication: 1) only from 2 years before pregnancy until 30 days before pregnancy (use only before pregnancy); 2) only during the period from 30 days before pregnancy until delivery (use only during pregnancy); 3) both during the period from 2 years before pregnancy until 30 days before pregnancy and during the period from 30 days prior to pregnancy until delivery (use both before and during pregnancy). The reference group consisted of children whose mothers did not redeem β2AAs during the period from 2 years before pregnancy until delivery (never use). We compared the risks of CP in offspring related to maternal β2AAs use during different exposure periods. We hypothesized that it would be more likely an effect of indication rather than medication if β2AAs use only during pregnancy was associated with a similar risk of CP as the use only before pregnancy.
For children included in the Danish CP register before the age of 4 years, a new report will be required at the age of 4-5 years to ensure that the diagnosis is correctly evaluated [6] . This 
Ethic statement
According to Danish law, register-based studies do not require consent from individuals when personal identifiers are encrypted and stored by a trusted third party (Statistic Denmark). This study was approved by the Danish Data Protection Agency (No. 2013-41-2569).
Results
We identified 442,278 singletons in the cohort, of whom 19,616 (4.44%) were exposed to β2AAs in utero. Table 1 shows the baseline characteristics of exposed and unexposed groups. Exposed children were born to mothers having more previous deliveries, being less educated, being outside of the labor market, smoking more, and having a higher prevalence of asthma. In addition, exposed children tended to be born in earlier calendar years. A total of 843 children (0.19%) were diagnosed with CP with median age of 0.96 (0.54, 1.91) years at diagnosis. The prevalence of childhood CP was 0.21% in exposed group and 0.19% in unexposed group. No association between maternal use of β2AAs during pregnancy and the risk of CP in the offspring was observed after adjusting for potential confounders. When we extended the exposure window to 2 years prior to pregnancy and redefined the exposed and unexposed groups, no overall significant association was observed regardless of the exposure period (Table 2) .
When examining male and female offspring separately we found, as shown in Table 3 , that there was a higher but non-statistically significant risk of CP in female offspring (aOR = 1.41, 95%CI: 0.92, 2.18) (Model 1). This increased risk was mainly attributed to an increased risk in those born to mothers who used β2AAs both before and during pregnancy (aOR = 1.60, 95% CI: 0.94, 2.75) (Model 1). However, no similar patterns were observed in male offspring.
Restricting to term births, Table 4 shows an association between maternal use of β2AAs during pregnancy and an increased risk of CP in female offspring born at term (aOR = 1.65, 95%CI: 1.02, 2.67) (Model 1). This increased risk was mainly attributed to an increased risk in the offspring born to mothers who used β2AAs both before and during pregnancy, which was statistically significant after further adjustment for maternal hospital-diagnosed asthma (aOR = 2.05, 95%CI: 1.08, 3.88) (Model 2), although a non-significant higher risk was also found in those born to mothers who used β2AAs only during pregnancy (aOR = 1.52, 95%CI: 0.72, 3.24) (Model 1). Subanalyses in children born before 1999 showed a stronger association between maternal use of β2AAs during pregnancy and an increased risk of CP in female offspring born at term (aOR = 2.34, 95%CI: 1.16, 4.69) (S1 Table) Similarly, the increased risk was mainly attributed to maternal β2AAs use both before and during pregnancy (aOR = 2.86, 95%CI: 1.22, 6.71). An increased risk of CP was associated with a low dose level of β2AAs, but we did not observed a dose-response association (S2 Table) . In addition, increased risks of CP were observed when we specifically examined salbutamol and terbutaline, although only effect of salbutamol reached statistical significance (S3 Table) . Finally, when we restricted the main analyses in subgroup with no maternal use of glucocorticoids, there was a similar trend of increased CP risk in female offspring born at term who were exposed to maternal use of β2AAs, although it did not reach statistical significance (S4 Table) . The results of the subgroup with glucocorticoids use might not be informative due to the limited number of cases (data not shown).
Discussion
To our knowledge, this is the first large population-based cohort study to explore the association between prenatal exposure to maternal β2AAs and risk of childhood cerebral palsy. We observed an association between maternal use of β2AAs during pregnancy and an increased risk of CP in female offspring born at term.
Our findings are consistent with previous studies, which reported prenatal exposure to the β2AAs has been associated with poor school performance [37], lower cognitive performance and motor development, and increased risk of neuro-psychiatric disorders in children [38] . There are mainly two plausible causes that might lead to the increased risk of CP in offspring exposed to maternal use of β2AAs: β2AAs per se and the underlying diseases indicating β2AAs use. Rodent studies suggest that prenatal or early postnatal β2AAs exposure could disrupt biochemical and morphological targets in multiple brain regions, leading to subsequent postnatal abnormalities in the brain development, causing nervous system damage and then neurodevelopment disorders [39, 40] . On the other hand, asthma, which was the indication mainly relevant in the present study, is characterized by shortness of breath, coughing or wheezing. This may result in interrupted or decreased oxygen supply that can lead to an impaired fetal oxygenation [41] . It is well known that impaired fetal oxygenation and hypoxia might have serious consequences on the development of brain and nervous system [42, 43] . Human studies have associated perinatal hypoxia with cerebral palsy [44] .
While neurodevelopmental disorders in offspring were clearly attributed to β2AAs exposure in animal studies, it remains difficult to separate the effect of this medication from the effect of asthma in human studies [20, 24] . Therefore we extended the exposure window to 2 years prior to pregnancy and specified exposure periods: The association was mainly observed in female offspring whose mother used β2AAs both before and during pregnancy. As maternal β2AAs use both before and during pregnancy may suggest a higher severity of disease, the enhanced risk may be explained by the underlying disease, and also accompanied higher medication use. However, we did not observed a dose-response effect when we examined the cumulative dose of maternal β2AAs use during pregnancy. Thus, the association mainly observed for β2AAs use both before and during pregnancy was more likely be due to a cumulative effect over different exposure periods. Nevertheless, the evidence is not enough to disentangle the effect of a drug from its indication.
The association between maternal β2AAs use during pregnancy and an increased risk of CP in female offspring was only observed when analyses were restricted to term births. One potential explanation is that, in the present study, we did not have information on in-hospital use of β2AAs as a tocolytic agent, which means that maternal β2AAsuse for preterm pregnancies were misclassified as unexposed, thus attenuated the association when preterm births were included in the analyses.
Another consideration is that maternal use of β2AAs during pregnancy was associated with CP risk in female but not male offspring. In animal studies, sex difference in sensitivity to β2AAs was found in vitro experiment [45, 46] . In addition, men and women differ neurobiologically with respect to their response to brain injuries [47] . Our findings are partly supported by studies reporting that chronic maternal asthma was only associated with reduced growth in female fetuses, but not in male fetuses [48] [49] [50] [51] . Although the results are preliminary, these findings suggested possible sex-selective mechanism in response to maternal asthma and the treatment during pregnancy. This study has several strengths. The registry covers births of the entire country during the study period, and the linkage of several Danish population-based registers enabled us to estimate the effect of β2AAs exposure with almost complete follow-up, thus selection bias is less likely. Prescription data from the National Prescription Registry was used as proxy measures for drug usage. Since medical care is free of charge for residents in Denmark, the data is considered to be nearly complete and underreporting and recall bias are minimal. An additional strength is that CP cases in Danish National Cerebral Palsy Registry were diagnosed by strict inclusion criteria according to experts' review of the children's medical records, which reduces misclassification in disease diagnosis. Furthermore, the availability of data on potential confounding variables, such as sociodemographic factors, paternal diseases history, provides more options for confounder control.
Our findings should also be interpreted in light of the limitations. First, misclassification of the exposure should be taken into consideration. We assumed that women who filled a prescription of β2AAs also took the medication, which may not always be the case. In addition, the prescription registry didn't include β2AAs administered during inpatient admission, which limits our ability to study maternal β2AAs used as a tocolytic agent because inpatient prescription is more common. Second, to be recorded as a CP case in the Danish National Cerebral Palsy Register, the child must survive to at least 1 year of age. Therefore, we may not include severe CP cases who died in pregnancy, at birth, or during early infancy. Thus, if there is a causal association between β2AAs use and CP, the observed association may be under ascertained. Third, in the present study, CP cases born after 2000 would not have a chance for receiving a validated CP diagnosis. Meanwhile, children exposed to β2AAs tended to be born in earlier calendar years. Therefore, more invalid CP cases born in years of lower β2AAs exposure could attenuate the association between β2AAs use and increased CP risk, if it exists. This hypothesis was supported by a stronger association observed in our further subanalyses restricted to children born before 1999. Finally, the small number of cases for some strata limits the statistical power, including the strata based on different exposure periods. Also, due to the limited number of cases, sibling analysis or stratified analysis by trimester of pregnancy or maternal use of glucocorticoids would not be informative. Therefore, we could not further test the robustness of our findings. However, when we restricted the main analyses in subgroup with no maternal use of glucocorticoids, there was a similar trend of increased CP risk in female offspring born at term who were exposed to maternal use of β2AAs, which suggested the observed association was less likely to be explained by the concurrent treatment of glucocorticoids.
In conclusion, we observed an association between maternal β2AAs used during pregnancy and an enhanced risk of CP in female offspring, but an effect of the underlying asthmatic disease could not be ruled out. 
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